A series of successful ion-propelled missions opened a new era of space exploration and development using high-Isp ion engines. Modifications and improvements of the current ion engines and the development of new ion engines are underway to enhance mission performance using ion engines. However, the life qualification tests for ion engines are difficult, time-consuming, and costly processes, which is a serious problem for the future use of ion engines. Therefore, the numerical evaluation of ion engine life has become very important. In 2006, JAXA started the JAXA Ion Engine Development Initiative (JIEDI) project to develop a numerical tool for the life qualification of ion engine optics. The developed code (JIEDI-1) can analyze the wear of the grid system caused by ion and neutral sputtering with a reasonable computational time. In this paper, the JIEDI-1 code is explained in detail and several examples of its use are presented.
Introduction
Ion engines are a form of electric propulsion used for space applications that generate thrust by accelerating ions. The primary advantage of ion engines is their high specific impulse. However, they produce much lower thrusts than conventional chemical rockets. Consequently, ion engines have to be operated for a very long time to achieve the velocity changes required for a particular mission 1) . In June 2010, the Hayabusa spacecraft, formerly known as MUSES-C for Mu Space Engineering Spacecraft C, returned to Earth after completing a seven-year mission. The ion engines on Hayabusa (μ10 ion engines) had been operated for more than 40000 h in total. Prior to the flight, the μ10 ion engines had been subjected to a series of 18000-h ground-based lifetime tests.
These lifetime tests represent a major hurdle to using ion engines in the future because they are prohibitively time consuming and expensive. If lifetime tests are required after making minor improvements to an ion engine, it will be practically impossible to modify and improve them. To increase the use of ion engines, it is thus essential to both shorten the lifetime verification process and lengthen their lifetimes.
To solve these problems, JAXA started the JAXA Ion Engine Development Initiative (JIEDI) project to develop a numerical qualification tool for ion engine optics 2) . Numerous electric propulsion researchers in Japan collaborated on this problem because there are many life-limiting components in ion engines, such as cathodes for electron emission, ion acceleration grids, and neutralizers. As for the cathodes, μ10 and μ20 ion engines employ electron cyclotron resonance (ECR) systems for plasma generation in both the discharge chamber and neutralizer, which successfully eliminates the wear during plasma generation. However, the wear on the ion acceleration grids cannot be avoided because the elimination of sputtering particles in the ion acceleration region would require a drastic change in the current ion engine system design. Therefore, grid wear evaluation and life analysis of the ion acceleration grid system have attained greater importance. The grid wear mechanism on the ion acceleration grid system is explained in Fig. 1 . The erosion caused by the direct impingement of mainstream ion beams is significant, resembling ion beam machining. However, it is generally carefully avoided in the design process. Even if it is intentionally done, it only lasts for the first several hundred hours because the impingement area is quickly eroded away. In addition to this high rate of erosion, slow ions and fast neutrals can become sources of sputtering particles, which are constantly generated in the mainstream ion beams by charge-exchange (CE) collisions. The scattered ions and neutrals produced by ion-neutral elastic collisions also contribute to grid erosion. These particles are directed toward the accel and/or decel grid and sputter grid surfaces. The end of life is reached when either the holes in the accel grid become so large that ion extraction is greatly affected by electron backstreaming or structural failure occurs in the grid.
The problem with grid life evaluation is that grid erosion occurs very slowly, taking several tens of thousands of hours to become life threatening to the ion engine's operation. This means lifetime tests and parametric studies using experiments become prohibitively time consuming and expensive. Therefore, a numerical simulation of grid erosion is essential for the cost-effective design and development of ion engines. The JIEDI-1 code was developed for this purpose. In this paper, the JIEDI-1 code is explained in detail and examples of grid wear simulations are presented. Figure 2 shows the computational domain and its boundaries. The symmetry of the grid hole distribution permits a reduction of the computational domain size to 1/12 of a grid hole. The simulation employs the finite element method, and the domain is covered with a mesh of eight-node hexahedral elements 3) . The electrostatic potential in the computational domain can be calculated using Poisson's equation,
Modeling
(1) in which the ion density term of Poisson's equation is obtained from the beam current and the stay times of the ion beams passing through the elements.
For the sake of fast computation and fewer computer resources for engineering applications, the electron density is evaluated using the Boltzmann relation based on the potential difference from the local plasma. n e = n e0 exp((φ-φ 0 )/T e ) (2) Although this approximation produces a difference, it is practically small 4) . Grid voltages are specified at the boundaries that represent the screen, accel, and decel grid surfaces. The plasma potential is applied for the inlet boundary, and the zero Neumann boundary condition is specified for other boundaries. Poisson's equation is discretized using the normal finite element method, and the resulting simultaneous equations are linearlized and solved iteratively by the incomplete Cholesky conjugate gradient method.
In JIEDI-1, ions and neutrals are treated as flux tubes whose trajectories are calculated using the equations of motion for singly charged particles and neutrals, as follows:
for ions (3) for neutrals (4) Mainstream ion beams are injected from the upstream boundary. The inlet velocities of the ions and the upstream plasma density are determined to satisfy the Bohm sheath criterion:
The amounts of sputtering particles generated by charge-exchange and elastic collisions are evaluated from the ion beam current, collision cross sections, and local neutral density. Neutral densities are obtained prior to performing the potential and beam trajectory calculations using the free molecular flow approximation. The flux tubes for sputtering ions and their pair neutrals are started from each element where they were created. They are tracked until they collide with a grid or escape from the computational domain.
Sputtering is evaluated using the flux of the incoming particles and sputtering yield. The sputtering yield of the grid material is incorporated using experimental data 5) in the form of tables of values for incident energies and incident angles. Studies are now underway to develop C/C sputtering models in the JIEDI project. 6) Sputtered grid atoms are injected in all directions, with their fractions given according to the differential sputtering yield. They are also tracked by the flux-tube method until they flow away from the computational domain or redeposit on other grid surfaces.
Redeposition of the sputtered grid materials is a very complex process that involves interactions between the incident particles and the grid surface atoms. Therefore, it is modeled by a simplified approach using a sticking factor, in which the redeposition flux is given by the product of the incoming sputtered particles and the sticking factor. The grid surface profile is updated with the solution adaptive mesh generation method using proSTAR from the rate of change of the grid surface obtained by the sputtering and redeposition calculations. In a case where the grid erosion is too intense for the JIEDI-1 mesh reconstruction scheme to generate smooth and consistent meshing, only the reconstruction of the boundary conditions is carried out with fixed nodal points 7) . This update is repeated until the accumulated operating time reaches the specified value. 
Example

μ10 EM-1 grid evaluation
The wear of the μ10 EM-1 grid system was analyzed and compared with that of the lifetime experiment 9) . Because plasma generation is not uniform in the discharge chamber and ions are extracted non-uniformly, high, middle, and low beam current holes were selected for the calculations. Neutral flux is assumed to be uniform in the discharge chamber and was calculated using the average beam current and propellant utilization efficiency. To reflect the condition of the lifetime experiment, the screen grid voltage was changed from 1000 V to 1500 V at 2700 h. The grid and operating parameters are listed in Table 1 . Figure 3 (a) shows a comparison of the grid mass losses for different beam currents. In the high and middle current holes, the accel and decel grids are eroded almost at the same rate. However, after 2700 h, the decel grid is significantly eroded in the low beam current hole, and the accel grid mass increases in accordance with the significant erosion of the decel grid hole, which can be attributed to the redeposition of the sputtered decel grid materials. This significant decel grid erosion in the low beam current hole agrees with the erosion pattern seen in experiments. Figure 3 (b) shows a comparison of the accel grid mass losses between this simulation and the experiment. The simulation results were multiplied by 12 because the simulation was carried out using a 1/12 symmetry grid hole region, and the ratio of the numbers of high, middle, and low beam current holes was assumed to be 3:3:1. As seen from the figure, the simulation results underestimate the grid mass loss by around 60% at 18000 h. However, most of the discrepancy occurred before 2700 h, which might have been because of a mechanical misalignment of the grids or other reasons. Comparing the steady state after 7500 h, the rate of change for the grid mass loss predicted by the simulation is close to that measured in the experiment, within an accuracy of 40%. Although the reason for this difference must be clarified, the JIEDI-1 code achieved an acceptable accuracy level for an engineering tool. Figure 4 shows the grid surfaces in the high and low beam current holes after operation for 20000 h. The intensity of the grid erosion is shown in color, where the red region has the highest erosion rate and the blue region has the lowest erosion rate. A negative value for the erosion rate indicates that the (a) high current hole (b) low current hole redeposition rate is larger than the erosion rate. From Fig. 4 , the characteristics of the μ10 grid erosion are (1) an enlarged diameter of the accel grid in the high beam current hole and (2) the significant erosion of the decel grid in the low beam current hole.
To evaluate the effect of the enlarged diameter of the accel grid on the lifetime performance, the history of the minimum potential value on the axis (potential well) is plotted, as shown in Figure 5 . This potential well works as a barrier against neutralizing electrons from backstreaming, and thus, it must be lower than around −5 V (=−T e V).
From Fig. 5 , the negative potential value increases as the accumulated operation time increases. However, the value is smaller than −5 V, below which electron backstreaming can be neglected. The jump in the values at 2700 h is not the result of erosion but is caused by the change in the screen grid voltage. Figure 6 represents the side and downstream surface views of the decel grid after operation for 20000 h in the low beam current hole. The decel grid hole is eroded hexagonally in the downstream direction. Taking the ion beam trajectories in Fig.  4(b) into consideration, this erosion is caused by the sputtering of high-energy ions (and neutrals), which have highly diverted angles. As clearly seen in the figure, the erosion is significant. However, the bridges between grid holes have enough width to sustain its structure.
μ10 PM grid evaluation
The grid surfaces for the μ10 PM grid after 20000 h of operation were experimentally measured in reference 10. These values were compared to those obtained by simulations. The grid parameters and operating conditions were the same as those of the μ10 EM1 grid case in Table 1 , except for the screen and accel grid voltages and propellant utilization efficiency, which were changed to 1500 V, −350 V, and 0.85, respectively. Figure 7 shows the grid surfaces obtained by 3D measurements and this simulation, in which the high current hole and low current hole were compared. As seen in the figure, the grid erosion patterns were similar to each other for both the high and low current holes. For instance, the downstream corner edge of the accel grid hole is severely eroded in the high grid current hole. In contrast, the decel grid has significant erosion in a six-point star shape. This can be attributed to highly diverted ion beams, as shown in Fig. 4(b) . These results prove that the JIEDI-1 code can be used as a qualification tool to assess the grid profile and predict the lifetime of a grid system.
μ20 grid system
The μ20 ion engine is a next-generation ion engine that has four times the thrust of the μ10 ion engine 11) . The design principle of the μ20's ion acceleration grid system is unique, where the accel grid holes are ion beam machined and optimized by the direct impingement of ion beams in the first several hundred hours of its operation. The erosion rate of this direct impingement is two or three orders higher than that of charge-exchange and elastic collision particles. Therefore, a μ20 grid simulation must deal with short-time high erosion rate and long-time low erosion rate calculations.
Calculations were performed using the grid and operational parameters listed in Table 2 . The screen-to-accel grid separation was set to be 0.457 mm to prevent the grid from electrical breakdown using the tested value for the electric field for φ s = 1100 V and φ a = −150 V at l g = 0.25 mm. Figure 8 shows the grid surface profiles, ion beam trajectories, and potential distributions for the high, middle, and low beam current holes. Significant erosion changed the grid shapes, which was attributed to highly diverged ion beams, as shown in the figure. This erosion was also seen in the μ10 grid calculations.
To check electron backstreaming, blue lines are shown in the potential distributions, which stand for 0 V equipotential lines. The potential can be easily seen between the two blue lines (marked with a red circle), indicating that the grid and operating conditions in Table 2 can satisfy at least a 20000-h lifetime against electron backstreaming. Figure 9 shows the downstream surfaces of the decel grid for the high, middle, and low beam current holes. Although the erosions are significant and become devastating with decreasing beam current, the bridges between the holes remain safe and withstand structural failure. These results indicate that the grid parameters and operating conditions in Table 2 can satisfy a grid lifetime of longer than 20000 h.
Using the JIEDI-1 code, life estimation of highly eroded grid optics can be analyzed within a reasonable computation time. The total calculation time was found to be about one week on average using a PC (Intel Core i7 965), which is two orders of magnitude smaller than the actual lifetime tests.
Summary
In order to avoid performing time-consuming and high-cost life qualification experiments for ion engines, a numerical code (JIEDI-1 code) has been developed to evaluate the wear of ion acceleration grid optics. Comparative studies showed that the grid wear was predicted qualitatively well by the JIEDI-1 code with a reasonable computational time. The use of an updated sputtering yield model and further comparative studies of simulations and experiments will help improve the accuracy of the JIEDI-1 code to become satisfactory and sufficiently practical for engineering purposes.
